Background: Thrombin is a serine protease that elicits a variety of cellular responses. Molecular cloning of a thrombin receptor revealed a G protein-coupled receptor that is activated by a novel proteolytic mechanism. Recently, a second protease-activated receptor was discovered and dubbed PAR2. PAR2 is highly related to the thrombin receptor by sequence and, like the thrombin receptor, is activated by cleavage of its amino terminal exodomain. Also like the thrombin receptor, PAR2 can be activated by the hexapeptide corresponding to its tethered ligand sequence independent of receptor cleavage. Thus, functionally, the thrombin receptor and PAR2 constitute a fledgling receptor family that shares a novel proteolytic activation mechanism. To further explore the relatedness of the two known protease-activated receptors and to examine the possibility that a protease-activated gene cluster might exist, we have compared the structure and chromosomal locations of the thrombin receptor and PAR2 genes. Materials and Methods: The genomic structures of the two protease-activated receptor genes were determined by analysis of A phage, P1 bacteriophage, and bacterial artificial chromosome (BAC) genomic clones. Chromo-
somal location was determined with fluorescent in situ hybridization (FISH) on metaphase chromosomes, and the relative distance separating the two genes was evaluated both by means of two-color FISH and analysis of YACs and BACs containing both genes. Results: Analysis of genomic clones revealed that the two protease-activated receptor genes share a two-exon genomic structure in which the first exon encodes 5'-untranslated sequence and signal peptide, and the second exon encodes the mature receptor protein and 3'-untranslated sequence. The two receptor genes also share a common locus with the two human genes located at 5ql3 and the two mouse genes at 13D2, a syntenic region of the mouse genome. These techniques also suggest that the physical distance separating these two genes is less than 100 kb. Conclusions: The fact that the thrombin receptor and PAR2 genes share an identical structure and are located within approximately 100 kb of each other in the genome demonstrates that these genes arose from a gene duplication event. These results define a new proteaseactivated receptor gene cluster in which new family members may be found.
INTRODUCTION
Thrombin is a serine protease that elicits a variety of cellular responses. Molecular cloning of a thrombin receptor revealed a G protein-coupled receptor that is activated by a novel proteolytic mechanism (1) (2) (3) (4) . Thrombin cleaves its receptor's amino-terminal exodomain to unmask a new amino terminus, which then binds to the body of the receptor to effect receptor activation. Given the broad biological roles of G proteincoupled receptors and proteases, it is perhaps not surprising that a second protease-activated receptor, dubbed PAR2, was recently discovered (5) (6) (7) (8) . PAR2 is highly related to the thrombin receptor by sequence, with 34% overall amino acid identity, and is activated by tryptic cleavage of its amino terminal exodomain (5, 8) . Whether trypsin itself and/or another protease with similar substrate specificity are physiological activators of PAR2 is unknown. The location of the activating cleavage site in PAR2 is analogous to that in the thrombin receptor, and the tethered ligand sequence immediately carboxyl to this site in PAR2 is similar to the tethered ligand sequence in the thrombin receptor. Like the thrombin receptor, PAR2 can be activated by the hexapeptide corresponding to its tethered ligand sequence independent of receptor cleavage. Thus, functionally, the thrombin receptor and PAR2 constitute a fledgling receptor family that shares a novel proteolytic activation mechanism (5,7).
To explore further the relatedness of the two known protease-activated receptors and to examine the possibility that a protease-activated gene cluster might exist, we have compared the structure and chromosomal locations of the thrombin receptor and PAR2 genes. Our results show that these genes share an identical structure and are located within approximately 100 kb of each other in the genome. Thus, the thrombin receptor and PAR2 genes probably arose from a gene duplication event and define a new proteaseactivated receptor gene cluster. The ultimate size of this cluster and the ancestral relationships of its members remain to be determined. of the putative seventh transmembrane domain was obtained by directly sequencing a bacteriophage P1 clone containing the human PAR2 gene (see below) using the amplicycle sequencing kit (Perkin-Elmer, Norwalk, CT, U.S.A.). All reported PCR-derived sequences were confirmed using at least two independent PCR reactions to avoid errors due to the inherent error rate of Taq polymerase and agree with the subsequently published sequence of the human PAR2 gene exon 2 (8) .
MATERIALS AND METHODS
Chromosomal Localization of the Thrombin Receptor and PAR2 Genes The forward primer hP2F2 (CAACTGGATTTATG GGGAAGCTC) and the reverse primer hP2B2 (GATGTTCAGGGCAGGAATGA) were used to screen a human genomic P1 bacteriophage library (Genome Systems, St. Louis, MO, U.S.A.) for a clone containing exon 2 of human PAR2. The forward primer hTRF3 (TCTGAATTGTGTCGCTF CGTCACTG) and reverse primer hTRB2 (TGG CAACTGCGGAAGAGCTAAGAC) were used to screen the human genomic P1 bacteriophage library for a clone containing exon 2 of thrombin receptor. These clones were used to generate probes for FISH. Probe for single color FISH was generated by nick translation using digoxigenin-11 -dUTP (Boehringer Mannheim) and detected by anti-digoxigenin antibody conjugated with fluorescein isothiocyanate (FITC). Probes for two-color FISH were labeled either with FITC-12-dUTP (NEN, DuPont, Wilmington, DE, U.S.A.) or with digoxigenin-dUTP; the latter was detected with rhodamine-conjugated anti-digoxigenin (Boehringer Mannheim). The chromosomal locations of the probes were determined by digital microscopy and localized by the fractional length from the p terminus (FLpter) as described previously (9) . The probes for thrombin receptor and PAR2 were also simultaneously hybridized to chromatin fibers that were released by physical disruption of the nucleus and stretched out prior to hybridization (Ref. 10 
RESULTS
The Thrombin Receptor Genomic Structure is Identical to That of PAR2 Analysis of A phage and cosmid genomic clones revealed a two-exon structure for the mouse and human thrombin receptor genes. The first exon encoded 5' -untranslated sequence and signal peptide; the second encoded the mature receptor protein and 3'-untranslated sequence (Fig. 1) . Because no single clone obtained by screening A phage or cosmid libraries contained both exons, a mouse genomic library in P1 bacteriophage was screened by PCR for both exons to identify a doubly positive clone. Southern blot analysis of this clone revealed an approximately 14-kb intron separating the short first exon from the remainder of the coding region in exon 2 (Fig. 1) likely that the thrombin receptor gene is "TATAA-less", but we cannot exclude the existence of a small noncoding exon 5' to those that we have characterized. Of note, the transcriptional start for PAR2 has also been difficult to define (6) .
The Thrombin Receptor and PAR2 Genes Share a Common Chromosomal Locus The chromosomal loci of the human and murine thrombin receptors were determined by FISH to metaphase chromosomes. The human gene mapped to 5ql3 (Fig. 2A) . The mouse thrombin receptor gene mapped to 1 3D2, which is syntenic with the human receptor locus (data not shown) (13 PAR2 by FISH on "stretch" DNA by two-color FISH. Probes for human thrombin receptor and PAR2 were labelled with FITC and rhodamine, respectively, and simultaneously hybridized to chromatin fibers that were released from nuclei and stretched out prior to hybridization (see Materials and Methods). The areas of genomic DNA hybridizing to the thrombin receptor (green) and PAR2 (red) probes were distinct but adjacent. the same locus as that for the human thrombin receptor gene (Fig. 2B) . These data are consistent with earlier observations on the thrombin receptor and PAR2 genes (8, 11) .
To determine more accurately the proximity of the two human genes, two-color FISH was performed on dispersed chromatin in interphase nuclei. The PAR2 and thrombin receptor genes colocalized (Fig. 2C) . The consistent appearance of two DNA segments as a single spot by twocolor FISH has correlated with a separation of <0.1 Mb (14) . To improve mapping resolution further, FISH was also performed on free chromatin fibers that were released from intact nuclei and stretched out mechanically prior to hybridization (W.-L. Kuo, manuscript in preparation). Two-color FISH of the PAR2 and thrombin receptor P1 genomic clones on this 'stretched DNA" revealed these genes to be adjacent (Fig. 2D) .
Analysis of Human YACs and Mouse BACs
Confirm That the Thrombin Receptor and PAR2 Genes Share a Common Locus Four independent YAC clones that contain both the human thrombin receptor and PAR2 genes were obtained by PCR screening. Each of these clones was also shown to be positive for both genes by Southern analysis (Fig. 3) . These data confirm that the human thrombin receptor and PAR2 genes are in close proximity, probably within a few hundred kilobases of each other (14) . Similarly, five clones obtained from a mouse BAC genomic library were positive for both the thrombin receptor and PAR2 genes by PCR analysis (data not shown). The size of the BAC clones ranged from 110 to 140 kb (data not shown) suggesting a maximum distance between the two murine genes of approximately 100 kb.
DISCUSSION
These studies report the thrombin receptor genomic structure and reveal that, in addition to sharing a novel proteolytic mechanism of activation, thrombin receptor and PAR2 share an unusual genomic structure and a common location in the genome. Other G protein-coupled receptor genes do contain introns (e.g., the oxytocin receptor (15) , the endothelin receptors (16, 17) , the tachykinin receptors (18) sequence but respond to very distinct ligands (e.g., the C5a and f-Met-Leu-Phe receptors, which share 33% amino acid identity). Proteases serve many functions and their number greatly exceeds the number of known protease-activated receptors. It is thus tempting to speculate that a large number of proteases with diverse expression patterns, specificity, and regulation had evolved by the time the first protease-activated receptor arose, perhaps from a preexisting peptide receptor (1, 24) . Duplication of this ancestral gene in such an environment may have fostered evolution of new proteaseactivated receptors capable of responding to distinct proteases as occurred with thrombin receptor and PAR2. We have shown that the protease specificity of the thrombin receptor is determined primarily by the P1-P4 amino acids at the thrombin cleavage site and that replacing these with an enteropeptidase cleavage site yields a receptor that signals to enteropeptidase and not to thrombin (2) . Thus, receptors for a variety of proteases could easily arise by receptor gene duplication followed by the mutation of the few codons that encode the cleavage site. Such gene duplication may also have allowed acquisition of new regulatory elements to allow tissue specific regulation of receptors that respond to the same or different proteases.
Several observations suggest that additional family members may exist. The thrombin receptor knock-out mouse, made possible by the genomic clones reported here, reveals the existence of a second platelet thrombin receptor and tissue-specific roles for distinct thrombin receptors (25) . Cellular responses to other proteases such as neutrophil cathepsin G (26) and mast cell tryptase (27) have been reported. Whether the receptors that mediate these responses are related to the known protease-activated receptors by gene duplication and whether such genes might remain clustered with the thrombin receptor and PAR2 genes remain to be explored.
